Development of RF windows for 650 MHz multibeam 


klystron 


Shengchang Wang! *, Zusheng Zhou**, Zhijun Lu’, Zhiging Liu’, Shigeki Fukuda‘, Yu Liu’, 
Jingyi Li?, Weiming Li’, 


Affiliations: 

! National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei 
230026, China 

? Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China; 

3 Kunshan Guo Li Electronic Technology Co., Ltd., Kunshan 215300, China 

4 High Energy Accelerator Research Organization, KEK 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan 
*Corresponding author E-mail addresses:wangshengchang@hotmail.com, zhouzs@ihep.ac.cn 
Abstract: Radio frequency windows are developed and evaluated for a 650 MHz continuous- 
wave multibeam klystron. Thin-pillbox windows with alumina and beryllia disks are designed 
with an average RF power of CW 400 kW. Results of a cold test and tuning procedures are 
described. The final measured S11 curves under the required bandwidth are less than -32.0 and 
-26.9 dB for alumina and beryllia windows, respectively. The windows are tested up to CW 143 
kW for traveling waves and CW 110 kW for standing waves using a solid-state amplifier as an 
RF power source. Multipactor simulations for windows and benchmark studies for the thermal 
analysis of ceramic disks are introduced. 
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1. Introduction 

The circular electron positron collider (CEPC) [1] is a significant international scientific project. To 
reduce the high cost of power consumption, klystrons operating at 650 MHz with a high efficiency 
are required. The multibeam klystron (MBK), which can offer high efficiencies and low gun 
voltages, is designed as a candidate for CEPC radio frequency (RF) power sources [2][3]. In the 
CEPC MBK configuration, two thin-pillbox windows are connected to the output cavity in opposite 
directions. As a crucial component of the CEPC MBK, the individual output window operates at a 
continuous wave (CW) of 400 kW while maintaining the integrity of the vacuum envelope for the 
MBK. A schematic illustration of the CEPC MBK and its output windows are shown in Figure 1. 
Table 1 lists the design parameters of the CEPC MBK. 
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Figure 1 Schematic illustration of CEPC MBK and its output windows 
Table 1 Designed parameters of CEPC MBK 


Frequency / MHz 650 

Voltage / kV 54 

Current / A 20.8 (2.51x8) 

Beam No. 8 

Output power / kW 800 

-1 dB bandwidth / MHz +0.5 

Output window / Waveguide standards | Thin-pillbox window / WR1500 


As listed in Table 2, pillbox windows are typically adopted in L-band pulsed MBKs [4]. The 
pillbox windows in Table 2 exhibit a mutual characteristic of D~Va2 + b2, where D is the diameter 
of the ceramic disk, a the longest dimension of the waveguide, and b the shortest dimension of the 
waveguide. A coaxial window is typically adopted for an L-band CW klystron, which is typically a 
single-beam klystron (SBK)[4]. The CEPC MBK, which operates in CW mode, is designed with a 
thin-pillbox window instead of a coaxial window to achieve a simpler output structure, additionally, 
the diameter of the ceramic disk is specified to be less than the shortest dimension of the waveguide 
(D < b). It is be risky if the CEPC MBK adopts the common pillbox window, for example, the 
average output power of the MBKs in Table 2 is lower than 150 kW, let alone the large size and 
high weight of the output windows derived from the WR1500 waveguide. 

Table 2 L-band klystrons and their output windows 


Klystron Frequency | Peak | Average | Output a/mm | b/mm | Number 

type / MHz output | output | window of 
power | power type output 
/MW_| /MW window 

E37503 999.516 20 0.15 pillbox 247.65 | 146.05 | 1 

MBK window 

E3736 1300 10 0.15 pillbox 165.10 | 82.55 | 2 

MBK window 

TH1803 999.516 20 0.15 pillbox 247.65 | 146.05 | 2 

MBK window 

TH1801 1300 10 0.15 pillbox 165.10 | 82.55 | 2 

MBK window 

VLK8601 1300 10 0.15 pillbox 165.10 | 82.55 | 2 

MBK window 

VKP7952A_ | 700 1 1 coaxial 1 

SBK window 

CEPC 650 0.8 0.8 thin-pillbox | 381.00 | 190.50 | 2 

MBK window 


The pillbox window with D < b, which was designed for the RF transfer system of particle 
accelerators, has been tested up to CW 500 kW [5] and CW 800 kW [6]. However, the usage on 
UHF-band klystrons is rarely reported. In this study, thin-pillbox window prototypes featuring D < 
b with alumina and beryllia disks are designed, manufactured, and evaluated. A tuning procedure 
and cold tests for self-matching windows are introduced. In addition, a multipactor simulation and 
a benchmark for thermal analysis are presented. 

Section 2 describes the RF design and tolerance analysis [7] for the windows. The assembly 
diagram, cold-test results, and tuning procedure for the window prototypes are introduced in Section 
2. The details of the high-power test of the prototype windows and thermal analysis are described 
in Section 3. A multipactor simulation is presented in Section 4. Finally, the conclusions are 
presented in Section 5. 

2. Window design and cold test 
1) Considerations regarding dielectric material 


Because water cooling occurs on the perimeter of the ceramic disk and the thermal conductivity 


of the dielectric material (e.g., alumina) is low, a temperature difference can be generated between 
the center and perimeter. Consequently, the thermal stress can exceed the mechanical strength and 
result in the fracture of the ceramic disk. Hence, the dielectric loss tangent of the ceramic should be 
low, whereas the thermal conductivity should be high. However, identifying a dielectric material 
that possesses both required properties is difficult. In this study, alumina with a low dielectric loss 
tangent and beryllia [8] were used. Two types of windows were designed and evaluated for 
comparison. Detailed properties and information regarding the selected materials are listed in Table 
3. As the dielectric loss tangent presented in Table 3 is not precise, it is inadequate for achieving an 
accurate thermal simulation. In addition, the actual loss factor should include the contribution of the 
antimultipactor layer. 


Table 3 Material properties 


Items Alumina (A0479U) [9] Beryllia (B-99) [10] 
Dielectric constant 10 @ 1 MHz 6.5~7.3 @ 1 MHz 
Dielectric loss tangent < 1E-4 @ 1 MHz <4E-4 @ 1 MHz 
Thermal conductivity 32 W/m.K 240 W/m.K 
Dielectric strength 17.5 MV/m 20 MV/m 

Purity 99.6 % 99 % 

Tensile Strength 260 MPa 140 MPa 


2) RF design and tolerance analysis 

As mentioned in [11], an S11 of -30 dB from the cold test is considered acceptable for high-power 
testing. Because the dielectric constant error and mechanical error would deteriorate S11 in a cold 
test, the design value for S11 should be less than -60 dB to achieve a sufficient margin. 

The dielectric constants of the beryllia listed in Table 3 are imprecise. Small samples were sent to 
a third-party testing center, and the obtained dielectric constant was 7.1 (@1 MHz). The dimensions 
of the waveguide window are shown in Figure 2, which shows the shortest side of the waveguide. 
The structures of the alumina and beryllia windows were similar, and their dimensions were slightly 
different. A thin pillbox was connected to the WR1500 waveguide on both its sides. On the vacuum 
side, the waveguide was reduced to one-third of its shortest dimensions to match the output cavity 
of the MBK as well as to avoid interference with the other sections of the MBK, e.g., the focusing 


magnet. 


Alumina Beryllia 


Dimensions window window 

(mm) (mm) 
A (thickness of the ceramic disk) 10 13.4 
B (diameter of the ceramic disk) 175 176.8 
C (length of the thin pillbox) 25.2 20.9 
D (short-side for WR1500 waveguide) 190.5 190.5 


E (length of the standard waveguide on the vacuum side) 249.5 250.5 
F (reduced short-side for WR1500 waveguide) 63.5 63.5 


Figure 2 Dimensions of thin-pillbox windows 
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(a) (b) 
Figure 3 Simulated S11 including effects of dielectric constant and window dimensions on 
reflection characteristics: (a) alumina window; (b) beryllia window 
Using the Frequency Domain Solver of the CST STUDIO SUITE [12], the S11 of the alumina and 
beryllia windows were optimized [13][14], as shown in Figures 3(a) and 3(b), respectively. The 
required mechanical errors of A (thickness of the ceramic disk), B (diameter of the ceramic disk), 


and C (length of the thin pillbox) were +0.02, +0.1, and +0.1 mm, respectively. The tolerance 
analysis indicates that the effects of the window dimensions (A, B, and C) on S11 is negligible if 
mechanical errors are guaranteed. Additionally, the dielectric constants should be emphasized 
because the values in Table 3 and from the third-party testing center are specified as 1 MHz without 
any error range. We applied a tuning procedure based on the assumption that the measured S11 
diverges from the simulated prediction for the first time because of errors arising from the dielectric 
constants used in the simulation (see Section 3). 

3) Cold test and tuning procedure 

The outline and assembly diagrams of the window are shown in Figures 4(a) and 4(b), respectively. 
The window was primarily composed of oxygen-free copper (OFC) waveguides, a thin pillbox, and 
a dielectric ceramic disk. Ceramic disks and thin pillboxes were brazed with Ag—Cu-based fillers. 
The thin pillbox and window iris were welded using an electron beam. Meanwhile, the waveguides 
were brazed from the OFC plates and welded to the iris and thin-pillbox assembly. 

On the vacuum side, stainless-steel plates were brazed on the outer surface of the OFC waveguides 
to prevent waveguide deformation due to atmospheric pressure. Sight glass [15] and vacuum sealing 
flanges were used only on the window prototypes to facilitate the high-power RF experiment. A 
rectangular OFC ring was placed between the rectangular waveguide and the window iris on the 
vacuum side for frequency tuning. Owing to the different thicknesses of the OFC ring, dimension E 
in Figure 2 can be adjusted, and the center frequency of S11 can be adjusted during the cold test. 
The window was pre-assembled for S11 measurement, and the final welding was performed after 
the thickness of the OFC ring was selected based on the simulation and cold test results. 
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Figure 4(a) Outline of alumina/beryllia window; (b) assembly diagram of alumina/beryllia 
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As mentioned in the previous section, based on tolerance analysis, we applied a tuning 
procedure based on the assumption that the main error originated from the uncertainty of the 
dielectric constant. 

i. The window was assembled and S11 was measured for the first time. The measured center 
frequencies of the S11 were 649.5 and 651.3 MHz for the alumina and beryllia windows, 
respectively. 

ii. The simulation was repeated using the modified dielectric constant until the simulated center 
frequency agreed with the S11 measured from the previous step. Subsequently, dimension E 
was adjusted such that the simulated center frequency returned to 650.0 MHz. In our case, the 
dielectric constants were modified from 10 to 10.05 and from 7.1 to 6.9, and the dimension E 
was modified from 249.5 to 249.0 mm and 250.5 to 252.5 mm for the alumina and beryllia 
windows, respectively. 

iii. The thickness of the rectangular OFC ring was adjusted based on the dimension E adjusted in 
the simulation in the previous step. Subsequently, the window was reassembled for the second 
measurement of S11. In our case, the second measured S11 agreed well with the simulated S11 
after the dielectric constant and dimension E were corrected, as shown in Figures 5(a) and 5(b). 
For the alumina window, the measured S11 were -32.1, -35.0, and -32.0 dB at frequencies of 
651, 650, and 649 MHz, respectively. For the beryllia window, the measured S11 values were 
-27.0, -27.5, and -26.9 dB at frequencies of 651, 650, and 649 MHz, respectively. 


For the beryllia window, the measured S11 did not reach the goal of -30 dB because of an error in 
the dielectric constant. As the VSWR values were less than 1.1 in the operating bandwidth for both 
the alumina and beryllia windows, we accepted the cold test results. 
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Figure 5 Simulated S11 after correction of dielectric constant and dimension E, and measured S11 
after adjustment of OFC ring thickness for (a) alumina window and (b) beryllia window. 


3. Thermal analysis and high-power test 

Because thermal failure is the main cause of window breakdown under a high average power [16], 
a thermal analysis was performed. The cooling channels on the perimeter of the ceramic disk and 
the cooling pipes on the OFC waveguide are shown in Figure 4(b). The heat factor should include 
the dielectric loss tangent of the ceramic disk and the Ohmic loss factor of the antimultipactor layer. 
The thermal conductivity values for the thermal analysis are listed in Table 3. A plot of the maximum 
temperature increase on the ceramic disk vs. the heat factor under a traveling wave (TW) power of 
400 kW is shown in Figure 6(a), along with a plot of the maximum thermal stress vs. the heat factor. 
As an example, the distributions of the temperature increase and thermal stress on the beryllia disk 
with a TW power of 400 kW and a heat factor of 4 x 1074 are shown in Figure 6(b). Some studies 
[17] recommended thermal stresses not exceeding 25% of the ceramic’s tensile strength as a 
conservative limit. Accordingly, the conservative limits for the heat factor should be 9.0E-5 and 
4.5E-4 for the alumina and beryllia disk, respectively. Accurate heat factors can be obtained from 
the benchmark of the thermal simulation by measuring the temperature increase on the ceramic disk 
during the high-power test. 
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Figure 6(a) Plots of maximum temperature increase and thermal analysis on ceramic disk vs. heat 
factor; (b) distributions of temperature increase and thermal stress on beryllia disk with CW 
travelling wave RF power of 400 kW and heat factor of 4E-4. 

One alumina window and one beryllia window were manufactured as prototypes for the high- 
power tests. Figure 7(a) shows a photograph of the alumina and beryllia windows connected back- 
to-back in a stainless-steel vacuum chamber. Vacuum-sealing flanges for connecting the stainless- 
steel vacuum chambers were not used in the CEPC MBK. The window waveguide was welded to 
the output waveguide of the CEPC MBK. Sight glasses were designed on the window prototypes to 
monitor the glow of the multipactor during the test. Similarly, it was not adopted in the CEPC MBK 
window. Cooling pipes were welded to the copper waveguides of the window. The stainless-steel 
vacuum chamber featured water cooling on the longest side surface. However, the shortest-side 
surface had no cooling, which limited its power level during high-power testing. 

Because an RF power source to accomplish a TW high-power test exceeding 400 kW is not 
available, we employed a solid-state amplifier (SSA) with a rated power of 150 kW to perform a 
standing wave (SW) test [18][19]. Because the dielectric losses under a SW can be four times those 
under a TW, the 150 kW SSA is qualified for evaluating the windows in terms of dielectric losses 
and temperature increase. 

The TW test was performed prior to the SW test. As shown in Figure 7(b), the output waveguide 
ofthe SSA was connected to the air side of the beryllia window. The beryllia window was connected 
to the alumina window through the vacuum chamber, as described above. The air side of the alumina 
window was associated with the RF water load. Two cameras were mounted on Sight glasses to 
monitor the surfaces of the ceramic disks (not shown in Figure 7(b)). Two infrared thermometers 
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were mounted in the holes of the air-side waveguides (not shown in Figure 7(b)) to monitor the 
maximum temperature of the ceramic disk. A directional coupler and RF water load were used to 
measure the RF power. 
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Figure 7(a) Photograph of alumina and beryllia windows connected back-to-back through a 
stainless vacuum chamber; (b) photograph of test setup for traveling wave (TW) high-power test; 
(c) photograph of test setup for standing wave (SW) high-power test 

After establishing the test setup, as shown in Figure 7(b), some copper-to-copper welding seams 
on the alumina window waveguide leaked. The leakage was rectified using a resin and epoxy. 
Subsequently, the vacuum leakage rate was 4E-11 mbar*L/s. The vacuum section was baked at 
80 °C—90 °C for 48 h. The ultimate vacuum pressure reached 4E-7 Pa after the high-power tests 
were completed. Under the CW RF power, the vacuum pressure increased owing to the heating of 
the ceramic disks and stainless-steel vacuum chamber. During the high-power test, a fast vacuum 
interlock at 1E-5 Pa was used to turn off the driving power of the SSA [20]. 

During initial processing, a short RF pulse with a duty as low as 0.1% was applied until a peak 
power of 150 kW was attained [21]. During this initial process, outgassing occurred once a new 
peak RF power was reached. Approximately 24 h were required to attain 150 kW. In the second 
process, approximately 12 h was required to expand the RF duty from 0.1% to 1% with rare 
outgassing. The RF duty expanded rapidly from 1% to 100% owing to the absence of outgassing or 
interlocking. The measured saturated output power of the SSA was 143 kW. The windows were 
tested under saturated output power for more than 4 h. As listed in Table 4, the temperature increase 
on the ceramic disks under CW 143 kW was measured to be 10.2 + 1.0 and 8.7 + 1.0 °C for alumina 
and beryllia, respectively. The infrared thermometer featured a measuring error of + 1.0 °C. No 


multipactor glow was captured by the cameras during the TW processing. Subsequently, the vacuum 


section was charged with nitrogen, and the windows were retested under CW 143 kW. The ceramic 
disks exhibited the same temperature increase under vacuum and nitrogen-filled conditions. This 
proves that multipacting did not occur in the alumina and beryllia windows in the TW test. 

The test setup was reconstructed for the SW test, as shown in Figure 7 (c). An RF circulator was 
connected between the output waveguide of the SSA and the air-side waveguide of the beryllia 
window. An RF-short was connected to the air side of the alumina window. The reflected face was 
rendered mobile such that the antinode of the SW can be adjusted to the alumina and beryllia disks 
separately. First, the antinode of the SW was adjusted to the beryllia disk. An RF pulse with a duty 
of 5% was applied and 3 h was required to reach 150 kW under the same duty. During the expansion 
of the RF duty, the vacuum pressure increased gradually and reached the interlock level owing to 
the heating of the beryllia disk and stainless vacuum chamber. The temperature of the shortest-side 
face of the stainless-steel vacuum chamber increased owing to inadequate water cooling. The 
vacuum pressure decreased rapidly after interlocking. After 30 s, the RF power resumed, and the 
vacuum pressure increased gradually. After approximately 75 h of RF conditioning, the RF duty 
was expanded to a CW and the power was 115 kW, which remained as such for more than 3 h 
without an interlock. Accordingly, the temperature increase in the beryllia disk was measured to be 
28.4+1.0 °C. Second, the antinode of the SW was adjusted to the alumina disk. A total of 20 h was 
required to reach a CW RF power of 110 kW, which remained as such for more than 3 h without an 


interlock. The temperature increase exhibited by the alumina disk was measured to be 37.0+1.0 °C. 

A benchmark study pertaining to the temperature simulation of a ceramic disk under TW and SW 
conditions was conducted. Once the heat factor, including the dielectric loss tangent of the ceramic 
disk and the Ohmic loss factor of the antimultipactor layer, reached 6E-5 and 4E-4 for the alumina 
and beryllia disks, respectively, the simulated temperature increases of the alumina disk and beryllia 
disk were within or extremely similar to the error range of the measured temperature increases, as 
listed in Table 4. The benchmarked heat factors were below the conservative limits for both the 
alumina and beryllia disks. Therefore, the alumina and beryllia disks were both qualified from the 
perspective of thermal stress. 


Table 4 Measured and simulated temperature increases on alumina and beryllia disks 


TW CW 143 kW SW CW 110 kW SW CW 115 kW 
Alumina disk (measurement) 10.2+1 °C 371°C 
Alumina disk (simulation) 11.6 °C 36.1 °C 
Beryllia disk (measurement) 8.7+1°C 28.4+ 1 °C 
Beryllia disk (simulation) 8.4 °C 27.9 °C 


4. Miultipactor simulation 

The multipactor in a window is a combined effect of the RF field and secondary electron emission 
from a dielectric or metal. The multipactor near the ceramic surface, which may result in localized 
surface melting [22] or contribute to the total thermal loss [23] of the ceramic disk, contributes 
significantly to window failure. The particle-in-cell (PIC) [24] computation of the CST STUDIO 
SUITE [12] was applied to evaluate the severity of the multipactor effect in a thin-pillbox window. 
The CST PIC Solver can monitor the emitted secondary particle number over time as well as the 
total particle number in the simulated space. The CST Help Document indicates that the criterion 
for a multipactor phenomenon is the detection of the exponential growth of the emitted secondary 
electrons [12]. 

All inner surfaces of the vacuum metal waveguide were set as electron emission sources. The DC 
emission model was selected for primary electrons [25] with a random emission energy of 0-6 eV 


and a random emission angle [26]. The RF fields were imported from the CST Frequency Domain 
Solver. The secondary-electron-yield (SEY) curves of alumina [27], beryllia [27], copper as- 
received [28], and copper after baking [28] imported for the simulation are shown in Figure 8. 
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Figure 8 Secondary-electron-yield (SEY) curves imported for simulation. 

In the first step, only the SEYs of the ceramic disks were included in the simulation [29]. As shown 
in Figure 9(a), the total number of electrons in the vacuum space of the alumina window indicated 
no growth after 50 ns under TW powers of 100, 200, and 400 kW. As shown in Figure 9(b), even 
when the total electron number was in the 1 x 10° range, the secondary electron numbers were 
negligible owing to the small electric-field component perpendicular to the ceramic surface. The 


beryllia window exhibited similar simulation results under the same conditions. 
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Figure 9 Total and emitted secondary electron numbers vs. time under TW power of 100, 200, and 
400 kW from PIC simulation. (a) Total electron number in vacuum of alumina window; (b) 
emitted secondary electron number from alumina disk 
The SEY of copper was included in the simulation as well. As shown in Figure 10(a), once the 
copper state reached the as-received state and the TW power was as high as 400 kW, the secondary 
electrons emitted in the alumina window grew exponentially, which fulfills the criterion of the 
multipactor. After baking, the growth of the emitted secondary electrons decelerated. Under TW 
powers of 100 and 200 kW, the growth of the emitted secondary electrons with copper after baking 
was slower than that with the as-received copper as well. In our study, the copper plates were brazed 
in a vacuum furnace to bake the copper. The simulation results predict that there is a low possibility 
of the multipactor under the TW power with the copper after baking. Such a prediction is consistent 
with the high-power test result, i.e., a multipactor was not realized under a TW power of 0-143 kW, 

as introduced in Section 3. 
Because the windows were tested for both TW and SW powers, the multipactor simulation under 


SW power was compared with that under TW power. In Figure 10(b), the simulation results show 
that the beryllia window had a lower number of emitted secondary electrons as compared with the 
alumina window under both SW and TW powers. In particular, under an SW power of 100 kW, the 
beryllia window indicated a lower multipactor possibility. Based on the SW test, we discovered a 
similar level of multipactor-like outgassing in the alumina and beryllia windows. During the SW 


test, both alumina and beryllia disks were tested at the antinode and +A g /16 away from the 


antinode. In the SW test of the alumina window with 5% RF duty, we observed severe outgassing 


once the ceramic disk was +A ,/16 away from the antinode. Outgassing was continuous and 


repetitive, with no indications of a decreasing trend. We suspected that some multipactors were 
realized even when no glow was captured by the camera. This might be because the RF duty was 
extremely short or the cameras were not qualified to capture a faint glow. By contrast, the beryllia 
window did not show any multipactor-like outgassing once the RF shorts shifted by a distance of 


+A ,/16. Some multipactor-like events occurred in the beryllia window in the power range of 30- 


70 kW once the ceramic was at the antinode; however, the power level increased over this range 
and outgassing disappeared. In general, the possibility and severity of multipactor formation in the 
alumina window were higher than those in the beryllia window during the SW test. 

In Figure 10(b), the number of emitted secondary electrons under an SW power of 100 kW 
increased faster than that under a TW power of 100 kW for both the alumina and beryllia windows. 
This prediction was verified in the high-power test because we encountered multipactor-like 
outgassing during the SW test, as compared with the situation in which no indication of a 
multipactor was reflected in the TW test. 

TiN coating on the surface of ceramics is a well-established technique for reducing the SEY 
[30][31]. In the simulation, alumina with a 5 nm TiN coating [29] suppressed the possibility of 
multiple factors, particularly under SW power. As shown in Figure 10(c), the growth of the emitted 
secondary electrons decelerated when a TiN-coated alumina disk was used under an SW power of 
100 kW. Therefore, in this study, the vacuum sides of alumina and beryllia disks were coated with 
TiN to a thickness of 2-5 nm. 

The resonant or ghost mode [23] near the ceramic disk may induce a multipactor [23]. Using the 
Eigenmode Solver of the CST STUDIO SUITE [12], the local resonant modes were observed at 714 
and 720 MHz for the alumina and beryllia windows, respectively. The window is required with a 


narrow operating bandwidth of 650 + 0.5 MHz, based on the designed parameters of the CEPC 
MBK listed in Table 1. Because only one resonant mode was observed below 1 GHz in the vicinity 
of the ceramic disk and the frequency of the resonant mode was more than 60 MHz away from the 
operating bandwidth, the resonant mode was not considered problematic. 

Because the beryllia window showed a lower possibility of being a multipactor in both the 
simulation and high-power tests, it should be selected as the output window of the MBK. 
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Figure 10(a) Emitted secondary electron number with as-received copper and after baking under 
TW power; (b) emitted secondary electron number under SW and TW powers for alumina and 
beryllia windows; (c) emitted secondary electron number under SW power for alumina and TiN- 
coated alumina windows. 

5. Conclusion 

The 650 MHz thin-pillbox windows were designed for a CEPC MBK. The measured VSWRs for 
both the alumina and beryllia prototype windows were less than 1.1, based on tolerance analysis 
and the tuning method. A high-power test validated the proposed window design. By performing a 
benchmark thermal analysis study, the total heat factor, including the loss tangent of the dielectric 
disks and the Ohmic loss of the coated antimultipactor layer, was acquired. Predictions from the 
multipactor simulations were confirmed via a high-power test. 
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